failure, although it did not have any significant effect on overall failure rate.
11 Taken together, these data suggest the importance of optimal catheter placement in reducing proximal failure. Our previous data were limited to adult patients and predominantly frontal catheters, thereby limiting generalizability to pediatric patients and to parietooccipital catheters. The current study was intended to address this issue of generalizability by specifically including both adult and pediatric patients and focusing on parietooccipital catheter placement. It is not clear whether, when utilizing a parietooccipital approach, it is inherently more difficult to achieve accurate catheter placement or whether the trajectory of the catheter or ultimate target for the catheter tip is any more or less likely to lead to proximal catheter failure. The purpose of this study was to compare the accuracy of freehand placement versus use of intraoperative guidance in parietooccipital ventricular catheter placement and to further compare the proximal failure rates with these methods of placement.
Methods

Study Design
This cohort study was approved by both the University of Michigan and Washington University in St. Louis institutional review boards, and data were obtained by retrospective review of medical records, including radiographic images. Medical record databases were queried by information technology personnel to identify all patients who underwent creation of a CSF shunt between January 2005 and December 2013. All patients underwent a preliminary review to confirm that a CSF shunt operation was performed. A secondary review was then performed to identify only those patients who underwent placement of parietooccipital catheters. Only patients who underwent new parietooccipital shunt placement were included. Any patient who underwent frontal catheter placement was excluded. Similar to our previous study, a "new" shunt was considered to be any shunt for which a ventricular catheter was passed into the ventricular system in a new location and not through an existing tract. 12 The index of radiographic studies was then reviewed for each patient, and patients were included if they had undergone CT scanning or MRI of the head within 48 hours prior to the operation and within 48 hours following the operation. Any patient who did not meet this criterion was excluded.
For the included patients, a detailed chart review was performed, and the following data were abstracted: age, sex, side of shunt, bifrontal ventricular span (based on preoperative imaging findings), Evans ratio (based on preoperative imaging), accuracy of ventricular catheter placement (based on postoperative imaging), and whether intraoperative guidance was used for placement. Both institutions used the StealthStation AxiEM (Medtronic) with a navigated catheter introducer for placement of catheters with frameless stereotaxy. The bifrontal ventricular span was measured as the width of the lateral margin of the right frontal horn to the lateral margin of the left frontal horn at its widest point on an axial image. The Evans ratio was calculated by dividing the bifrontal ventricular span by the widest width of the inner table of the cranium. As we defined it previously, an "accurate" ventricular catheter placement was credited when the tip of the ventricular catheter resided within the intended ventricle. 12 Additionally, catheter placement was considered inaccurate if the entry point into the ventricular system was anywhere other than the posterior horn of the lateral ventricle and if the tip of the catheter resided in the temporal horn of the lateral ventricle rather than within the frontal horn. All catheters in this study were intended for the ipsilateral ventricle. The accuracy of each ventricular catheter placement was determined by comparing the operative approach to the documented tip position in each radiology report from the postoperative imaging study. Each postoperative imaging study was then reviewed by a member of the study team to confirm that our assessment of the catheter tip was in agreement with the assessment documented in the radiology report. In all patients, the assessment of the study team was in accord with the radiology report.
The medical record was then reviewed for documented evidence of shunt failure. Shunt failure was defined as the necessity for operative intervention to explore/revise the shunt. Shunt exploration/revision was performed at the discretion of the evaluating neurosurgeon. No radiographic or symptomatic criteria were used to define shunt failure. When shunt failure occurred, the operative report for the revision was reviewed, and the portion of the shunt that was found to have failed at the time of surgery was documented. Proximal failure was considered failure of the ventricular catheter, while distal failure was considered failure of the valve or distal catheter.
Statistical Analysis
Statistical analysis was performed using commercially available software (SPSS version 21, IBM Corp.). All categorical data were assessed using the chi-square test. Multivariate logistic regression was used to assess independent association of our variables of interest with catheter placement accuracy. For purposes of multivariate logistic regression, the following were considered to be dichotomous variables: accuracy of placement (accurate/ inaccurate), institution (Michigan/Washington), side (left/ right), method of placement (guided placement including ultrasound and stereotactic neuronavigation/freehand). Age, Evans ratio, and bifrontal ventricular span were considered continuous variables. Statistical significance was considered to be p < 0.05.
Results
During the study period, 299 patients underwent placement of a parietooccipital ventricular catheter as part of a CSF shunt system; 42 patients were excluded due to lack of either pre-or postoperative imaging. Table 1 shows demographic details of the included cohort of 257 patients. The patients were nearly evenly split between the 2 participating institutions and nearly evenly split male versus female. The mean age of the included patients was 23 years. Intraoperative guidance (either ultrasound or stereotactic neuronavigation) was used in 39.3% of cases. The catheter was placed accurately in 72.8% of cases. Accurate catheter placement occurred in 4 of 8 (50.0%) cases in which ultrasonography was used, 78 of 93 (83.9%) cases in which stereotactic neuronavigation was used, and 105 of 156 (67.3%) cases in which the freehand technique based on anatomical landmarks was used.
Bivariate comparisons were made between the group with accurate catheter placement and the group with inaccurate catheter placement ( Table 2 ). The groups differed in mean age, preoperative Evans ratio, and whether intraoperative guidance was used. The mean age for those with accurate catheter placement was 20.4 years versus 30.0 years for those with inaccurate placement (p = 0.010). The Evans ratio was slightly higher for those with inaccurate placement (0.38 inaccurate vs 0.35 accurate; p = 0.049). When intraoperative guidance was used, there was a higher rate of accurate catheter placement (81.2%) versus when the freehand technique was used (67.3%; p = 0.036).
Logistic regression was then used to create predictive models for the dichotomous outcome of accurate versus inaccurate catheter placement (Table 3 ). In univariate logistic regression models, both age and intraoperative guidance were associated with accuracy of catheter placement. Younger age was associated with an increased likelihood of accurate catheter placement, while the use of intraoperative guidance was also associated with accurate catheter placement. We planned a priori to include all variables with p < 0.20 in univariate analysis in a subsequent multivariate analysis. Based on this criterion, variables included in our multivariate analysis were age, institution, Evans ratio, side of catheter placement, and use of intraoperative guidance. After multivariate analysis, both age and use of intraoperative guidance remained significantly associated with accuracy of catheter placement. For every year of increase in age, patients were 0.983 times as likely to have an accurate catheter placement (95% CI 0.971-0.995).
When intraoperative guidance was used, accurate catheter placement was 2.809 times as likely as when intraoperative guidance was not used (95% CI 1.406-5.618).
During the study period, 108 patients (42.0%) experienced shunt failure, 79 patients (30.7%) had failure involving the proximal catheter, and 53 patients (20.6%) had distal failure (valve or distal catheter). Intraoperative guidance was used for 101 patients; 20 (19.8%) of these patients experienced a proximal shunt failure. Among the 156 patients whose surgeries were performed without intraoperative guidance, 59 (37.8%) had a proximal failure. Catheter placement was accurate in 187 patients; 52 (27.8%) of these patients experienced a proximal shunt failure. Among the 70 patients with inaccurate catheter placement, 27 (38.6%) had a proximal shunt failure. We next performed a logistic regression analysis to create predictive models of proximal failure (Table 4) . In univariate analysis, age, preoperative Evans ratio, accurate catheter placement, and the use of intraoperative guidance were associated with the likelihood of proximal catheter failure. Again, we planned a priori to include all variables with p < 0.20 in univariate analysis in a subsequent multivariate analysis. Based on this criterion, variables included in our multivariate analysis were age, preoperative Evans ratio, accurate catheter placement, and intraoperative guidance. After multivariate analysis, age, accurate catheter placement, and intraoperative guidance remained significantly associated with the likelihood of proximal catheter failure. For every year of increased age, patients were 0.978 times as likely to be proximal shunt failure free (95% CI 0.966-0.990). When intraoperative guidance was used, 
Discussion
CSF diversion is one of the most commonly performed neurosurgical operations. A variety of entry points are commonly employed for the ventricular catheter, including frontal and parietooccipital locations. Shunt failure is common. 8 We have previously shown that the use of intraoperative guidance with either stereotactic neuronavigation or ultrasonography improves the accuracy of ventricular catheter placement and also reduces the rate of proximal catheter failure. 12 However, the majority of patients included in that study had catheters placed via a frontal approach, limiting the generalizability to patients undergoing parietooccipital catheter placement. We hypothesized that a similar observation would be made for parietooccipital catheters, with intraoperative guidance improving the accuracy of catheter placement and reducing proximal failure. To address this hypothesis, we performed a multiinstitutional, retrospective, cohort study that included both adult and pediatric patients undergoing parietooccipital catheter placement as part of a CSF shunt system. We found that the use of intraoperative guidance significantly increased the likelihood of accurate catheter placement and also significantly decreased the likelihood of proximal catheter failure during the study period.
Frameless stereotaxy has previously been shown to be an effective adjunct for accurate ventricular catheter placement. 1, 12 However, this is the first study to directly compare intraoperative guidance to freehand placement of parietooccipital catheters. The overall rate of accurate catheter placement in our study was 72.8%. When intraoperative guidance was used, 81.2% of catheters were placed accurately compared with only 67.3% of catheters placed by freehand technique. While this is a significant increase in accuracy, the increase is not as significant as what was observed in our previous study of predominantly frontal catheters. In that study, 88.6% of catheters placed with intraoperative guidance were placed accurately.
12
This may suggest increased inaccuracy of intraoperative guidance for catheters placed with a posterior approach. Anecdotally, we have found that stereotactic neuronavigation systems seem to be less accurate when used for other purposes (e.g., tumors) in the posterior part of the head. In the current study, the majority of intraoperative guidance came in the form of frameless stereotaxy (93 of 101 guided catheters), while the minority were placed using ultrasonic guidance (8 of 101 guided catheters). Thus, this study is most directly generalizable to intraoperative guidance using frameless stereotaxy.
We have observed that a commonly employed technique during CSF shunt operations is to use intraoperative guidance for perceived "small" ventricles and to otherwise use the freehand technique for ventricular catheter placement. Our data argue against this approach, as ventricle size was not predictive of accurate catheter placement. In fact, in bivariate analysis, the Evans ratio for patients with inaccurate placement was actually higher than that for those with accurate placement. However, this was not borne out in logistic regression analysis, where neither Evans ratio nor biventricular span was predictive of accuracy. These data suggest that intraoperative guidance is useful for improving accuracy of ventricular catheter placement regardless of ventricle size. The only other factor found to be predictive of accurate catheter placement was age, with increasing age being associated with an increased likelihood of inaccuracy. An explanation for this observation is unclear.
An overall rate of inaccuracy of approximately 27% and a rate of approximately 33% when the freehand technique is employed seems extraordinarily and unacceptably high. However, these data combined with previous data suggest that we underestimate the inaccuracy of ventricular catheter placement. In our previous study, we found a rate of 45% inaccurate placement using the freehand technique. 12 Lind et al. previously found that 44% of catheters were placed inaccurately versus 47% in a study by Theodosopoulos et al. (with accuracy defined by the same standards as our current study). 5, 10 This underestimation of inaccurate catheter placement may lead to underestimation of the need for intraoperative guidance. By further adding to the data suggesting a high rate of inaccurate catheter placement, we hope to increase recognition of the value of intraoperative guidance.
The most important follow-up question is whether accuracy, or more directly the use of intraoperative guidance, has an effect on shunt failure. Since the accuracy of ventricular catheter placement is unlikely to have an effect on the shunt valve or function of the distal catheter, we chose to specifically analyze the effect of intraoperative guidance on proximal catheter failure, the portion of the shunt system most likely to be directly affected by intraoperative guidance. During the study period, 42.0% of patients experienced a shunt failure, 30.7% of patients experienced a failure involving the proximal catheter, and 20.6% of patients experienced a failure involving the valve or distal catheter. This is in line with previous reports suggesting that approximately one-third of patients will experience failure of the CSF shunt.
8 Among the variables analyzed in the current study, age, accurate catheter placement, and intraoperative guidance were associated with proximal catheter failure. Older patients were less likely to be free of proximal failure, while the use of intraoperative guidance and accurate catheter placement significantly reduced the rate of proximal catheter failure. Thus, these data suggest that the improvement in accuracy of ventricular catheter placement achieved using intraoperative guidance translates into a reduction in proximal catheter failure.
One potential limitation to the study is our definition of failure. We used a surgical definition of shunt failure with shunt revision/exploration surgery being the sole definition of shunt failure. This overlooks partial failures or asymptomatic failures. While our definition may underestimate shunt failure, we still believe that the definition used is clinically relevant. It may be more appropriate to say that our study suggests that improvement in accuracy of ventricular catheter placement achieved using intraoperative guidance translates into a reduction in revisions of CSF shunts due to proximal catheter failure.
Given that the overall rate of shunt failure is so high, we believe that every effort should be made to optimize the procedure in such a way as to minimize the risk of failure. This means that each component of the shunt system, from the technology to the technical details of surgery, should be studied in an effort to improve the overall system. Combining our current data with our previous data as well as with data from Villavicencio et al., optimal ventricular catheter placement seems to reduce the likelihood of proximal shunt failure. 11, 12 There is a growing body of literature indicating that laparoscopic assistance for placement of a peritoneal catheter (the most common terminus in CSF shunting operations) may reduce the rate of distal catheter failure. 6, 7, 9 Furthermore, there are some data to suggest that the use of programmable valves may reduce the rate of failure/revision in comparison with fixed pressure valves. 2 While we do not specifically advocate the use of laparoscopic placement or programmable valves, we do believe it is important to continue to study ways of improving CSF diversion to lessen the risk of shunt failure.
The optimal definition for accurate ventricular catheter placement is not defined. We used a simple dichotomous definition in this study based on the approach of the catheter and the location of the tip of the catheter. This is similar to the definition used in our previous study. 12 However, others have previously used differing definitions. For example, Hayhurst and colleagues defined accuracy based on the tip of the catheter relative to the ventricular walls and choroid: free-floating versus touching the ventricular wall or choroid versus intraparenchymal. 3 While their definition intuitively makes sense if the working hypothesis for proximal shunt failure is that it occurs most frequently due to obstruction by the choroid plexus, it ignores the structure of the ventricular catheter with drainage occurring along the entire distal 3 cm of the catheter. Thus, it is not clear that a more complex definition of accuracy such as that used by Hayhurst offers advantages over our more simplified definition, but the optimal definition is not clearly defined.
Conclusions
To our knowledge, this is the first study to compare accuracy of parietooccipital ventricular catheter placement and proximal shunt failure rates between catheters placed using intraoperative guidance versus those placed using the freehand technique and standard anatomical landmarks. The use of intraoperative guidance significantly improved the rate of accurate catheter placement and reduced the rate of proximal shunt failure. Ventricle size was not associated with the accuracy of catheter placement. In a procedure that is fraught with a high failure rate, we believe these data support the routine use of intraoperative guidance to improve parietooccipital catheter accuracy and to reduce proximal shunt failure.
